The operational sex ratio is intimately related to the intensity of sexual selection, but factors governing variation in the operational sex ratio and their effects on mating competition are still poorly understood. In this study, temperature was found to affect both the operational sex ratio and the intensity of male-male competitive interactions in the sand goby [Pomaloschistus minutus (Pallas)]. In an experiment with two different temperature treatments, the operational sex ratio became male biased in the warm treatment (15°C) and males in that treatment interacted more frequendy than in die cold treatment (8.5°C). These results were as predicted since die potential reproductive rate of males increases faster with temperature dian does the potential reproductive rate of females. Thus, an environmental factor, water temperature, affects not only die reproductive rates of die sexes, but also die operational sex ratio and mating competition, and diereby die intensity of sexual selection. Operational sex ratio was not found to be correlated with male behavior. This may suggest a direct effect of temperature or potential reproductive rates on mate competition. The mechanism behind die evolution of such a direct relationship would, however, probably be die impact of potential reproductive rates on operational sex ratio, which in turn direcdy affects sexual selection. Key words: Gobiidae, mate competition, operational sex ratio, Pomatoschistus minutus, reproductive behavior, sexual selection, temperature. [Behav Ecol 7:208-212 (1996)] S exual selection arises from nonrandom differences in mating success among individuals of the same sex and species. It is brought about by intrasexual competition for matings, usually among males, and intersexual mate choice, usually exerted by females (Darwin, 1871). These general sex role patterns probably reflect die fact diat males commonly have die potential to reproduce faster dian females (Clutton-Brock and Parker, 1992; Clutton-Brock and Vincent, 1991). Males can thus be said to be limited in dieir reproductive rate by shortage of mates, and consequendy, females are die limiting sex. The potential reproductive rate is die reproductive rate of an individual when not constrained by mate availability. When die potential reproductive rates of die sexes differ, a biased operational sex ratio (i.e., die ratio of sexually active males to females; Emlen, 1976; Emlen and Oring, 1977 ) is predicted. The potential reproductive rate of one sex relative to die odier can therefore be used as a good predictor of mating competition and sexual selection widiin that sex.
S exual selection arises from nonrandom differences in mating success among individuals of the same sex and species. It is brought about by intrasexual competition for matings, usually among males, and intersexual mate choice, usually exerted by females (Darwin, 1871) . These general sex role patterns probably reflect die fact diat males commonly have die potential to reproduce faster dian females (Clutton-Brock and Parker, 1992; Clutton-Brock and Vincent, 1991) . Males can thus be said to be limited in dieir reproductive rate by shortage of mates, and consequendy, females are die limiting sex. The potential reproductive rate is die reproductive rate of an individual when not constrained by mate availability. When die potential reproductive rates of die sexes differ, a biased operational sex ratio (i.e., die ratio of sexually active males to females; Emlen, 1976; Emlen and Oring, 1977 ) is predicted. The potential reproductive rate of one sex relative to die odier can therefore be used as a good predictor of mating competition and sexual selection widiin that sex.
Temperature differentially affects die potential reproductive rates of male and female sand gobies (Pomaloschislus minulus), a marine fish with conventional sex roles and exclusive paternal care (Breder and Rosen, 1966) . The time spent by sand goby males guarding a brood of eggs decreases more markedly widi increasing temperature dian does die time females need to produce a new clutch of eggs (Kvarnemo, 1994) . In a similar fashion, ambient temperatures have been found to differentially affect die potential reproductive rates of die sexes in odier ectodierms, for example, in two species of giant water bugs [Abedus indenialus (Kraus, 1989) and Belostoma flumineum (Kruse, 1990) ], in die pipefish [Syngnathus typhle (Ahnesjo, 1995) ], and possibly also in die MaJlorcan midwife toad [Atytes muletensis (Bush, 1993) The importance of operational sex ratio for mating competition has been demonstrated in a previous study of die sand goby in which the operational sex ratio was manipulated by changing die adult sex ratio (Kvarnemo et al., 1995) . Males interacted more with odier males in a male-biased dian in a female-biased situation, and while die reverse was true for females, a result was shown not to be due to differing densities of males, or females, but to die sex ratios (Kvarnemo et al., 1995) . In this present study I wanted to investigate whether similar effects could be found widi an unbiased adult sex ratio, by manipulating die potential reproductive rate by temperature. Thus, diis article focuses on die effects of water temperature on operational sex ratio and interactive behaviors, such as intrasexual aggression and intersexual courtship, in the sand goby. The operational sex ratio is predicted to become increasingly male biased as die water temperature rises over the breeding season. Hence, temperature is predicted to profoundly affect die conditions for sexual selection dirough its differential effect on die potential reproductive rates of die sexes. These predictions were tested in an experiment where two temperatures were chosen to represent situations when die potential reproductive rates of die sexes are similar (cold), and when male potential reproductive rate is more than 1.5 times higher than female potential reproductive rate (warm) (Kvarnemo, 1994) . The two temperatures also approximate seawater temperatures during the early and late breeding season in Scandinavian waters, and die results should dierefore be representative of die natural seasonal variation in operational sex ratio in die sand goby.
METHODS
The sand goby [Pomatoschistus minutus (Pallas)] is a gobiid fish widi a life span of 1 to 2 years and typically one reproductive season (Healey, 1971) . It exhibits paternal care and males compete more for mates than do females (Breder and Rosen, 1966) . In my study area on the Swedish west coast, water temperature changes gradually from 5°C-10°C at the end of April to 15°C-25°C at the beginning of July, and spawnings occur during this time period at temperatures between 6°C and 19°C (Hesthagen, 1977 (Hesthagen, , 1979 . The male builds a nest, commonly under a shell of Mya arenaria or Mytilus edulis, and attracts females to spawn (Hesdiagen, 1979) . When spawning the female attaches the eggs in a single layer underneath the shell (Fonds, 1973) ; unless disturbed the complete clutch is deposited in one male's nest. The male fans and defends the eggs until hatching. One female lays several clutches over the season in the nests of different males, and a single male can care for several successive broods, each of which may include eggs from several females (Breder and Rosen, 1966; Fonds, 1973) . When a female spawns as die second or the third mate of a male, she attaches her eggs between and around the previously deposited eggs.
The study was carried out at Klubban Biological Station (58°15' N, 11°28' E) on the Swedish west coast from 3 May to 19 June 1993. Sand gobies used in the aquarium experiment were caught in a shallow sandy bay at die end of April using a hand trawl. The sexes were kept separately for a week in 100 to 150 1 aquaria at natural seawater temperature (6°C-7°C). Bodi storage tanks and experimental tanks were supplied with continuously renewed seawater, and the fishes were fed daily widi fresh mussel (M. edulis) meat in excess. Uneaten food was removed before the next feeding. The light period was controlled by a timer (16L:8D) and was kept constant over the experimental period. Just before the experiment was started, all fishes, still separated by sex, were kept at 12°C for 24 h to make the magnitude of the temperature change similar for the two treatments.
The experiment was designed to investigate the effects of temperature on the operational sex ratio and mating competition. Two treatments with constant water temperatures (mean ± SE over 48 days, 8.5 ± 0.1°C and 15.1 ± 0.1°C) were used and will hereafter be referred to as the cold and warm treatments, respectively. Eight replicates of each treatment were run for about 7 weeks, covering the main part of die breeding season and approximating the lifetime reproductive span of the sand goby.
In the experimental aquaria (100 1), a sand layer covered die bottom and four halved clay flower pots (diameter 6 cm, depdi 6 cm, inner surface area 45 cm s ) were provided as standardized nest material. For each aquarium, four males and four females of different size were chosen in order to facilitate individual recognition and to simulate the size distribution in die field. Total body lengtii was measured to the nearest millimeter. The fish were randomly assigned to either of the two treatments, and were allowed to adjust through a gradual change of water temperature. Mean (± SE) body lengths were for males, 51.5 ± 1.0 mm and 51.4 ± 1.1 mm (t = 0.08, df = 62, p = .93), and for females, 53.5 ± 1.2 mm and 52.6 ± 1.4 mm (t = 0.49, df = 62, p = .62), in the cold and warm water treatments, respectively.
Daily observations were made to document which males had built a nest, which females had spawned and, if so, in which male's nest. Clutch refers to a female's clutch of eggs (normally 2000 to 3000 eggs), whereas brood refers to all die eggs in a male's nest, which may represent die clutches of several females. Whedier a female had spawned or not was determined from die roundness of her belly. Male acquisition of eggs, and whedier or not the nest was judged to be filled, was easily determined by using a flashlight, without destroying die nest To estimate die number of eggs in each brood I briefly picked up all four pots in each aquarium every sixdi day, starting on day 6 (i.e., in total on eight occasions). The nests containing eggs were photographed widiin a 0.5 cm ! section demarcated in advance, using a camera mounted on a microscope, and the number of eggs within die section were later counted on die photographs in order to measure egg density. Total area covered by eggs was measured and die number of eggs was dien estimated by multiplying die area widi egg density. The developmental stage of die eggs was also assessed from die photographs.
The operational sex ratio was determined on die six photo occasions using die information from the daily records and from die photos. A male was considered sexually active as long as his nest was not filled widi eggs and/or the eggs had not yet reached the stage widi clearly visible eyes, after which additional clutches normally are not received (Kvarnemo C, personal observation) . Similarly, any female was considered sexually active when, judging from her roundness and number of days since last spawning, she was assumed to have ripe eggs to spawn. The operational sex ratios were dien calculated as die proportion of sexually active males of all sexually active males and females.
Interactive behavior was observed during a 10 min period every sixth day, starting on day 3 (on eight occasions in total). The frequency of male and female interactive behavior was recorded and categorized into four types, described in more detail in Kvarnemo et al. (1995) : M->M, a male making a threatening display, chasing or attacking another male; M->F, a male following or courting a female; F-»M, a female following or courting a male; and F->F, a female following, direatening, or attacking another female. Each of diese behaviors lasted a few seconds or less. Aggressive interactions, such as male nest defense against female egg predators or occasional fights over pieces of food, were not considered relevant to the questions asked and thus were not included in die protocol. Each type of recorded behavior was dien expressed as a proportion of all behaviors recorded during an observation period. The replicate mean proportion (of die focal interaction, over all eight occasions) was used to compare treatments, using a Mann-Whitney U test In all other cases the data were normally distributed and tested by parametric tests. Numbers are given as mean ± SE, and all tests are two-tailed. I was only able to estimate female reproductive success by number of clutches spawned and not by egg number, due to die design of die experiment widi nests often containing eggs from more dian one female, whereas male reproductive success was estimated both as die number of clutches spawned and as the number of eggs spawned and hatched. Therefore, die reproductive success was estimated as die number of clutches spawned per individual when comparing die variance in reproductive success between sex and treatment. The variance in reproductive success was expressed as die coefficient of variation, which is the standard deviation times 100, divided by the mean of each replicate, and corrected for small sample size by die product 1 + V*n (n = 4 males or females) (Sokal and Rohlf, 1981, p. 59) .
RESULTS
The operational sex ratio in each aquarium was estimated on six occasions over die experimental period (Figure 1 ). In the cold water treatment die operational sex ratios did not differ from equality (ratio = .5), whereas in the warm water treatment the operational sex ratios were significandy male biased, diat is, higher than .5, four times out of six (Figure 1) . When tested widi a two-way repeated measures ANOVA (repeated by date), diere was a significant effect on die operational sex ratio by treatment (F," = 43.9, p < 001), by date (F 565 = 3.3, p < .05), and also an interaction between treatment and date (F ia = 4.3, p < .01). One replicate was omitted because a male diat jumped out had not yet been replaced, on 14 May. The operational sex ratio (OSR) was calculated as the number of sexually active males over the number of sexually active males and females within each replicate. The number of sexually active males and females, respectively, in the cold treatment (a) and in the warm treatment (b) were combined in the estimates of operational sex ratio (mean ± SE) (c) on each of six occasions over the experimental period (« = 8 for each occasion and treatment, except for 14 May in the cold treatment when n = 7 due to a lost but not yet replaced male in one replicate). The stars indicate in which cases the operational sex ratio differed significantly (p < .01) from an unbiased situation (i.e., ratio = .5) tested by a one-sample I test. A sequential Bonferroni was applied to adjust for multiple comparisons (Rice, 1989) .
Of all behavioral interactions, the proportion of male-male interactions (M->M) was higher in the warm water than in the cold water treatment (Figure 2 ; Mann-Whitney U test: U = 13, p < .05, N = 16), whereas the proportion of male interactions with females (M-»F) and of female interactions with males (F-»M) did not differ between treatments (U = 19.5, p = .19 and U = 28, p = .67, respectively). There was also a tendency for more interactions among females (F->F) in the cold treatment than in the warm (U = 16, p = .09).
To test whether the frequencies of male-male interactions increased with increasing male bias in the operational sex ratio, analysis of covariance was applied, with treatment as a factor and operational sex ratio as the covariate. One occasion was randomly chosen from each replicate, and the estimated operational sex ratio was combined with the observation of behavior that was recorded 3 days later (n = 8 for each treatment) . There was no significant effect of operational sex ratio Behavioral interactions of sand gobies in the cold and the warm treatments (mean ± SE). M-»M: male interaction toward a male; M->F: male interaction toward a female; F-»M: female interaction toward a male; F-»F: female interaction toward a female. The mean number of nests built on each photo occasion did not differ between the treatments, nor did the mean number of nests with eggs (Table 1 ). There was, however, a significant difference in the total number of female clutches produced in the course of the experiment; more clutches were produced in the warm treatment (Table 1) . This was also reflected on each photo occasion in the number of eggs per male brood, which was significantly higher in the warm treatment (Table 1 ). The proportion of broods that hatched also differed. On average 65% of the spawned clutches hatched in the cold and 83% in the warm treatment, respectively (t test on arcsin square root transformed data: t = 2.3, df = 14, p < .05). Consequently, the reproductive success was higher in the warm water treatment, both in terms of total number of clutches hatched per aquarium and in terms of mean number of eggs hatched per male brood (see Table 1 ).
Variation in reproductive success, measured as the number of clutches spawned, and expressed as the coefficient of variation within each replicate, was higher among males than among females, but did not differ between the treatments (Figure 3 ; two-way ANOVA: gender: F h28 = 9.1, p < .01; treatment: F lw = 0.2, p = .68). However, there was a significant interaction between gender and treatment (F l38 = 4.5, p < .05) caused "by a higher variation in female reproductive success in the cold treatment than in the warm (Scheffe's posthoc: 5.3, p < .05), whereas among males, the trend if anything was the opposite (Scheffe's post-hoc: 1.0, p> .05) (Figure 3) . When males and females, respectively, were ranked within replicate according to body size, female reproductive success was, as seen before, higher in the warm treatment than in the cold, but in neither treatment affected by relative size (two-way ANOVA: treatment: F h56 = 38, p < .001; size rank: F 3b6 = 2.2, p = .10; interaction: F 336 = 0.9, p = .46). Larger males, however, were more successful than smaller ones (two-way ANO-VA: treatment: F lM = 31.4, p < .001; size rank: F 356 = 15.8, p < .001; interaction: F iJb6 = 5.2, p < .01), and as seen from the interaction term, more so in the warm treatment than in the cold treatment.
DISCUSSION
My results show that, in the sand goby, temperature affects both the operational sex ratio and the frequency of male-male "A sequential Bonferroni was applied to adjust for the many groups of comparison (Rice, 1989) .
interactions. The operational sex ratio was clearly male biased during most of the experimental period in the warm water treatment, whereas in the cold water it remained unbiased, or possibly weakly female biased. While a similar impact of temperature on the operational sex ratio has been shown earlier in the giant water bugs [Abedus indentatus (Kraus, 1989) and Belosloma flumineum (Kruse, 1990) ], my results provide the first experimental demonstration of temperature effects on both operational sex ratio and mating competition. Theory predicts that a biased operational sex ratio will make the more abundant sex compete for matings and as a result the limiting sex has an opportunity to mate selectively (Clutton-Brock and Parker, 1992; Emlen and Oring, 1977) . The influence of operational sex ratio on mating competition has been repeatedly and convincingly documented. For example, in adders (Vipera berus), males competed more vigorously in years when the operational sex ratio was strongly male biased (Madsen and Shine, 1993) . Other studies have shown similar effects for fish (Berglund, 1994; Grant et al., 1995; Kodric-Brown, 1988; Kvarnemo et al., 1995; Kynard, 1978; Vincent et al., 1994) , amphibians (Arak, 1983; Tejedo, 1988; Verrell, 1983), birds (Colwell and Oring, 1988) , amphipods (Wen, 1993) , and insects (Gwynne and Simmons, 1990; Lawrence, 1986 ; see also Arnqvist, 1992) . In most of these studies the operational sex ratio was altered by changes in the adult sex ratio. In the present study, with unbiased adult sex ratios in both treatments, males competed more in the warm than in the cold water treatment. This result is what would be predicted from the fact that water temperature influences the potential reproductive rates of male and female sand gobies differentially (Kvarnemo, 1994) . Surprisingly, however, no relationship was found between operational sex ratio and malemale interactive behavior, although both operational sex ratio and male behavior were clearly affected by temperature. This lack of a significant correlation may have been caused by the brief episodes of data collection or by the low sample size. However, it may also suggest a direct effect of temperature on male behavior, acting independently of operational sex ratio. Because male potential reproductive rate increases more with increasing temperature than does female potential reproductive rate (Kvarnemo, 1994) , temperature, or the internal rate of reproduction, may be a good indicator of the current operational sex ratio as well as a predictor forecasting the coming operational sex ratio. A similar lack of correlation has been reported in the sex-role reversed pipefish (Syngnathus typhle), in which females have a potential reproductive rate twice that of males (Berglund et al., 1989) , making the operational sex ratio clearly female biased for most of the breeding season (Vincent et al., 1994) . Interestingly however, females competed for males even when the operational sex ratio was male biased at the onset of the breeding season, in line with the forthcoming shift in operational sex ratio.
Like males, females have previously been found to interact significantly more often with each other when the adult sex ratio is strongly female biased than when it is male biased (Kvarnemo et al., 1995) . In the present study, there was a trend toward more interactions between females, as well as significantly higher variation in reproductive success among females, in the cold as compared to the warm water treatment. This suggests that females are more liable to compete when the water is cold. When the water is warm, by contrast, they tend to interact less and appear to concentrate on carefully choosing a partner. A field study by Forsgren (1995) showed that female sand gobies usually mate with the first male they encounter during the start of the breeding season, whereas later, when the water has become warmer, they spend a considerable time searching for mates.
If male quality varies greatly, for example, with respect to competence in tending the eggs, females are predicted to compete over matings with preferred males, in spite of a malebiased operational sex ratio (Clutton-Brock and Parker, 1992) . Indeed, competition among males for nest sites or dominance and competition among females for access to high quality males may go on simultaneously (Clutton-Brock and Parker, 1992; . Some variation in male quality cannot be excluded in my study sys-tem. The fact that females in both treatments interacted relatively frequently among themselves may suggest that they compete for good fathers, or genes, regardless of the prevailing operational sex ratio. Furthermore, since variation in male reproductive success did not differ between the treatments, the number of preferred males was probably not affected by water temperature, nor by operational sex ratio. Large males had a mating advantage over smaller males in both treatments. This suggests the operation of a certain amount of female preference for size-related male quality, although it cannot be distinguished from intrasexual competition for mates among males.
The operational sex ratio of the warm treatment was male biased on four occasions, but unbiased on the first and last occasions. The unbiased operational sex ratio on the first occasion was probably a result of all individuals being mature and sexually active to begin with and, as the data was collected within about one and a half reproductive cycles, the operational sex ratio had not yet become severely affected. On the last observation occasion, by contrast, there were more females sexually active than previously, making the formerly male-biased operational sex ratio return to equality. One explanation could be that these females, approaching the end of their reproductive life span, may have made a terminal investment (Clutton-Brock, 1984) .
To conclude, an experimentally elevated temperature increased both operational sex ratio and the proportion of male-male interactions. The change in operational sex ratio was presumably due to the fact that water temperature differentially affects the potential reproductive rates of the sexes. Furthermore, a temperature increase causes males to compete more intensely with other males, independent of operational sex ratio. Thus, I have been able to demonstrate that an environmental factor, namely water temperature, can affect the intensity of sexual selection by affecting operational sex ratio and the level of male-male competition.
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